Allowances have been developed for future rise of relative sea-level (i.e. sea level relative to the land) based on the projections of regional sea-level rise, its uncertainty, and the statistics of tides and storm surges (storm tides). An 'allowance' is, in this case, the vertical distance that an asset needs to be raised under a rising sea level, so that the present likelihood of flooding does not increase. This continues the work of Hunter (2012), which presented allowances based on global-average sea level and local storm tides. The inclusion of regional variations of sea-level rise (and its uncertainty) significantly increases the global spread of allowances. For the period 1990-2100 and the A1FI emission scenario (which the world is broadly following at present), these range from negative allowances caused by land uplift (in the northern regions of North America and Europe) to the upper 5-percentile which is greater than about 1 m (e.g. on the eastern coastline of North America).
Introduction
A major effect of climate change is a present and continuing increase in sea level, caused mainly by thermal expansion of seawater and the addition of water to the oceans from melted land ice (e.g. Meehl et al., 2007 , as reported in the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC)). Over the last two decades, the rate of global-average sea-level rise was about 3.2 mm yr À 1 . At the time of AR4 in 2007, sea level was projected to rise at a maximum rate of about 10 mm yr À 1 and to a maximum level of about 0.8 m (relative to 1990) by the last decade of the 21st century, in the absence of significant mitigation of greenhouse-gas emissions (Meehl et al., 2007, Table 10 .7, including 'scaled-up ice sheet discharge').
Sea-level rise, like the change of many other climate variables, will be experienced mainly as an increase in the frequency or likelihood (probability) of extreme events, rather than simply as a steady increase in an otherwise constant state. One of the most obvious adaptations to sea-level rise is to raise an asset (or its protection) by an amount that is sufficient to achieve a required level of precaution. The selection of such an allowance has often, unfortunately, been quite subjective and qualitative, involving concepts such as 'plausible' or 'high-end' projections. Hunter (2012) described a simple technique for estimating an allowance for sealevel rise using extreme-value theory. This allowance ensures that the expected, or average, number of extreme (flooding) events in a given period is preserved. In other words, any asset raised by this allowance would experience the same frequency of flooding events under sea-level rise as it would without the allowance and without sea-level rise. It is important to note that this allowance only relates to the effect of sea-level rise on inundation and not on the recession of soft (e.g. sandy) shorelines or on other impacts.
Under conditions of uncertain sea-level rise, the 'expected number of flooding events in a given period' is here defined in the following way. It is supposed that there are n possible futures, each with a probability, P i , of being realised. For each of these futures, the expected number of flooding events in a given period is given by N i . The effective, or overall, expected number of flooding events (considering all possible futures) is then considered to be P n i ¼ 1 P i N i , where P n i ¼ 1 P i ¼ 1. In the terminology of risk assessment (e.g. ISO, 2009) , the expected number of flooding events in a given period is known as the likelihood. If a specific cost may be attributed to one flooding event, then this cost is termed the consequence, and the combined effect (generally the product) of the likelihood and the consequence is the risk (i.e. the total effective cost of damage from flooding over the given period). The allowance is the height that an asset needs to be raised under sea-level rise in order to keep the flooding likelihood the same. If the cost, or consequence, of a single flooding event is constant than this also preserves the flooding risk.
An important property of the allowance is that it is independent of the required level of precaution (when measured in terms of likelihood of flooding). In the case of coastal infrastructure, an appropriate height should first be selected, based on present conditions and an acceptable degree of precaution (e.g. an average of one flooding event in 100 years). If this height is then raised by the allowance calculated for a specific period, the required level of precaution will be sustained until the end of this period.
The method assumes that there is no change in the variability of the extremes (specifically, the scale parameter of the Gumbel distribution; see Section 2). In other words, the statistics of tides and storm surges (storm tides) relative to mean sea level are assumed to be unchanged. It is also assumed that there is no change in wave climate (and therefore in wave setup and runup). The allowance derived from this method depends also on the distribution function of the uncertainty in the rise in mean sea level at some future time. However, once this distribution and the Gumbel scale parameter has been chosen, the remaining derivation of the allowance is entirely objective.
If the future sea-level rise were known exactly (i.e. the uncertainty was zero), then the allowance would be equal to the central value of the estimated rise. However, because of the exponential nature of the Gumbel distribution (which means that overestimates of sea-level rise more than compensate for underestimates of the same magnitude), uncertainties in the projected rise increase the allowance above the central value.
Hunter (2012) combined the Gumbel scale parameters derived from 198 tide-gauge records in the GESLA (Global Extremes Sea-Level Analysis) database (see Menéndez and Woodworth, 2010) with projections of global-average sea-level rise, in order to derive estimates of the allowance around much of the world's coastlines. The spatial variation of this allowance therefore depended only on variations of the Gumbel scale parameter. We here derive improved estimates of the allowance using the same GESLA tide-gauge records, but spatially varying projections of sea level from the IPCC AR4 (Meehl et al., 2007) with enhancements to account for glacial isostatic adjustment (GIA), and ongoing changes in the Earth's loading and gravitational field . We use projections for the A1FI emission scenario (which the world is broadly following at present; Le Quéré et al., 2009) .
The results presented here relate to an approximation of relative sea level (i.e. sea level relative to the land). They include the effects of vertical land motion due to changes in the Earth's loading and gravitational field caused by past and ongoing changes in land ice. They do not include effects due to local land subsidence produced, for example, by deltaic processes or groundwater withdrawal; separate allowances should be applied to account for these latter effects.
A fundamental problem with existing sea-level rise projections is a lack of information on the upper bound for sea-level rise during the 21st century, in part because of our poor knowledge of the contribution from ice sheets (IPCC, 2007) . This effectively means that the likelihood of an extreme high sea-level rise (the upper tail of the distribution function of the sea-level rise uncertainty) is poorly known. The results described here are based on relatively thin-tailed distributions (normal and raised cosine) and may therefore not be appropriate if the distribution is fat-tailed (Section 6). For cases where consequence of flooding would be 'dire' (in the sense that the consequence of flooding would be unbearable, no matter how low the likelihood), a more appropriate allowance would be based on the best estimate of the maximum possible rise.
Theory
Extremes are generally described by exceedance events which are events which occur when some variable exceeds a given level. Two statistics are conventionally used to describe the likelihood of extreme events such as flooding from the ocean. These are the average recurrence interval (or ARI), R, and the exceedance probability, E, for a given period, T. The ARI is the average period between extreme events (observed over a long period with many events), while the exceedance probability is the probability of at least one exceedance event happening during the period T. Exceedance distributions are often expressed in terms of the cumulative distribution function, F, where F ¼ 1ÀE. F is just the probability that there will be no exceedances during the prescribed period, T. These statistics are related by (e.g. Pugh, 1996) 
where N is the expected, or average, number of exceedances during the period T. Eq.
(1) involves the assumption (made throughout this paper) that exceedance events are independent; their occurrence therefore follows a Poisson distribution. This requires a further assumption about the relevant time scale of an event. If multiple closely spaced events have a single cause (e.g. flooding events caused by one particular storm), they are generally combined into a single event using a declustering algorithm. The occurrence of sea-level extremes, and therefore, the ARI and the exceedance probability, will be modified by sea-level rise, the future of which has considerable uncertainty. For example, the projected sea-level rise for 2090-2099 relative to 1980-1999, for the A1FI emission scenario (which the world is broadly following at present; Le Qué ré et al., 2009), is 0.50 70.26 m (5-95% range, including scaled-up ice sheet discharge; Meehl et al., 2007) , the range being larger than the central value.
The expected number of exceedances above a given level and over a given period may, in general, be described by
where N is some general dimensionless function, z P is the physical height (e.g. the height of a critical part of the asset), m is a 'location parameter' and l is a 'scale parameter'. As noted in Section 1, it is assumed that there is no change in the variability of the extremes, which implies that the scale parameter, l, does not change with a rise in sea level.
Mean sea level is now raised by an amount Dzþz 0 , where Dz is the central value of the estimated rise and z 0 is a random variable with zero mean and a distribution function, Pðz 0 Þ, to be chosen below. This effectively increases the location parameter, m, by Dzþz 0 . At the same time, the asset is raised by an allowance, a, so that it is now located at a height z P þ a. Under these conditions of (uncertain) sea-level rise and raising of the asset, the overall (or effective) expected number, N ov , of exceedances ð 4 z P þ aÞ during the period T, becomes
The function, N , is often well-fitted by a generalised extremevalue distribution (GEV). The simplest of these, the Gumbel distribution, fits most sea-level extremes quite well (e.g. van den Brink and Können, 2011) . The Gumbel distribution may be expressed as (e.g. Coles, 2001, p. 47 )
where F is the probability that there will be no exceedances 4z P during the prescribed period, T. From Eqs.
(1), (2) and (4)
m is therefore the value of z P for which N¼ 1 during the period T, and l, the 'scale parameter', is an e-folding distance in the vertical. Globally, the scale parameter has a quite narrow range;
for the sea-level records described in Section 4, the 5- (Hunter, 2012) :
In order to preserve the expected number of exceedances (or flooding events), we require that N ov ¼ N. Therefore, the allowance, a, is equal to the term Dzþl lnðÁ Á ÁÞ in the last part of Eq. (6).
This allowance is composed of two parts: the mean sea-level rise, Dz, and the term l lnðÁ Á ÁÞ, which arises from the uncertainty in future sea-level rise. Hunter (2012) evaluated the allowance for three types of uncertainty distribution for future sea-level rise: a normal distribution, a boxcar (uniform) distribution and a raised cosine distribution. The resulting allowances may all be expressed as simple analytical expressions, involving the Gumbel scale parameter, l, the central value of the estimated rise, Dz, and its standard deviation, s. We here estimate the allowances using normal and raised cosine distributions, the former having fatter tails and therefore yielding higher allowances (the raised-cosine distribution falls to zero at a finite distance from the central value, the total range of the distribution being about 1.7 times the 5-to 95-percentile range). Both distributions were fitted to the 5-and 95-percentile range of the IPCC AR4 projections of sea-level rise, with the central value, Dz, being the mean of the 5-and 95-percentile values.
For a normal uncertainty distribution of future sea-level rise, the allowance is given by Dzþs 2 =ð2lÞ (Hunter, 2012) . A typical sea-level rise projection for 2100 relative to 1990 for the A1FI emission scenario is 0.5 70.2 (standard deviation) m, and a typical Gumbel scale parameter is 0.1 m. In this case, the allowance is equal to 0.5 m (the mean sea-level rise)þ 0.2 m (associated with the uncertainty)¼ 0.7 m, which is significant larger than the mean sea-level rise. However, in general, the allowance is less than the 95-percentile upper limit (which is 0.83 m in this typical case).
Projections of regional sea-level rise
Projections of the future climate are based on models driven by plausible scenarios for the emissions of greenhouse gases. In the case of the IPCC AR4 and the projections to be described in this section, emissions were based on the Special Report on Emission Scenarios (SRES; Nakicenovic et al., 2000) .
The derivation of the projections of regional sea-level rise followed Church et al. (2011) and Slangen et al. (2012) , and is described in detail in Appendix A. The resultant projections are composed of terms due to 1. the global-average sea-level rise (including 'scaled-up ice sheet discharge' (Meehl et al., 2007;  see Fig. 1 )), 2. spatially varying 'fingerprints' to account for changes in the loading of the Earth and in the gravitational field, in response to ongoing changes in land ice (Mitrovica et al., 2001 , 3. glacial isostatic adjustment (GIA; Kendall et al., 2005) (GIA is the result of changes in the Earth's loading and gravitational field caused by past changes in land ice (predominantly, the most recent deglaciation from about 20,000 years ago).
The northern regions of North America and Europe show significant uplift, which may lower relative sea level (i.e. sea level relative to the land) by as much as 20 mm yr À 1 . In contrast, the eastern coastline of North America is sinking and shows positive GIA contributions as large as 2 mm yr À 1 ), and 4. spatially varying sea-level change due to change in ocean density and dynamics (e.g. Meehl et al., 2007, Section 10.6 .2 and Fig. 10 .32).
While terms (2) and (3) are generated by effectively the same models of crustal loading and gravitational field, they are forced by quite different time-series of land-ice change. It should also be noted that the terms (1)-(4) have been generated by separate models and are added linearly; nonlinear interactions between the terms are ignored. The spatially varying sea-level rise related to change in ocean density and dynamics (term (4), above) is provided by atmosphereocean general circulation models (AOGCMs). While global-average sea-level rise has been reported for six emission scenarios (B1, B2, A1B, A1T, A2, A1FI; Meehl et al., 2007) , results from AOGCMs are only available for scenarios B1, A1B and A2. For estimating spatially varying projections for A1FI (the highest of the SRES scenarios), the central values and uncertainties derived from combining terms (1)-(4), above, were scaled using ratios of the global-average projections for A1FI and A2.
Statistics of storm tides
The scale parameter, l, was estimated from the GESLA (Global Centre, Australia, and the National Oceanography Centre Liverpool (NOCL), UK. The data covers a large portion of the world and is sampled at least hourly (except where there are data gaps). The database was downloaded from NOCL on 26 October 2010 and contains 675 files. However, many of these files are near-duplicates provided by different agencies. Many are also as short as one or two years and are therefore not suitable for the analysis of extremes (it is generally considered that ARIs of up to about four times the record length may be derived from tide-gauge records (e.g. Pugh, 1996) so that, for example, the estimation of 100-year ARIs requires records of at least 25 years duration). Hunter (2012) performed initial data processing, resulting in 198 tidal records, each of which was at least 30 years long. However, one of these is from Trieste in the Mediterranean, which is poorly resolved by the ocean components of the AOGCMs (the Mediterranean is omitted altogether from Meehl et al., 2007, Fig. 10 .32, which shows the projected spatially varying sea-level change due to change in ocean density and dynamics). The data from Trieste was not therefore used in the present analysis, which is therefore based on 197 global sea-level records.
Prior to extreme analysis, the data was 'binned', so as to produce files with a minimum sampling interval of one hour, and detrended. Annual maxima were estimated using a declustering algorithm such that any extreme events closer than 3 days were counted as a single event, and any gaps in time were removed from the record. These annual maxima were then fitted to a Gumbel distribution using the ismev package (Coles, 2001, p. 48) implemented in the statistical language R (R Development Core Team, 2008) . This yielded the scale parameter, l, for each of the 197 records. It is assumed that l does not change in time.
Regional allowances
Allowances for future sea-level rise have generally been based on global-average projections, without adjustment for regional variations (which are related to the land-ice fingerprint, GIA, and change in ocean density and dynamics). Fig. 2 shows the vertical allowance for sea-level rise from 1990 to 2100 for the A1FI emission scenario, at each of the 197 tide-gauge locations. The allowance is based on the global-average rise in mean sea level and on the statistics of storm tides observed at each location (Section 4). The uncertainty in the projections of sea-level rise was fitted to a normal distribution. The use of a raised-cosine distribution, which has thinner tails, yields a smaller allowance. Fig. 2 shows effectively the same information as Fig. 4 of Hunter (2012) , except for being based on a slightly different projection of mean sea-level rise. Fig. 3 shows the cumulative distribution function for these allowances, for normal and raised-cosine uncertainty distributions, constructed from the 197 tide-gauge allowances. The allowance is therefore based on a spatially varying rise in mean sea level (Section 3) and on the statistics of storm tides observed at each location (Section 4). Fig. 5 shows that, for a given probability, the difference between using normal and raised-cosine uncertainty distributions is at most about 0.08 m, but it should be noted that, due to the spatial variation in the sea-level rise projections, the difference at any one location may be larger than this. A striking feature of Fig. 5 is the relatively large number of sites (about 4.5%) with negative allowances (these are all indicated by The results for each location and for a spatially varying sea-level rise are summarised in Appendix B, which shows allowances for the A1FI emission scenario, and for periods 1990-2100 and 2010-2100 (the latter being the more appropriate for present-day planning and policy decisions). The projections of sea-level rise used to derive these allowances were fitted to a normal distribution.
6. Applicability of the allowance and the problem of a fat upper tail
As noted in Section 1, a fundamental problem with existing sealevel rise projections is a lack of information on the upper bound for sea-level rise during the 21st century, in part because of our poor knowledge of the contribution from ice sheets (IPCC, 2007) . This effectively means that the likelihood of an extreme high sealevel rise (the upper tail of the distribution function of the sea-level rise uncertainty) is poorly known.
The allowance depends on the Gumbel distribution, which only describes extreme events. Eq. (5) therefore only applies to the range of z P that encompasses the high sea-level extremes. The allowance is therefore valid in cases where the uncertainty distribution of sea-level rise, Pðz 0 Þ, spans only the portion of N ððmÀz P þ Dzþz 0 ÀaÞ=lÞ (Eq. (3)) that fits a Gumbel distribution. This is generally satisfied if Pðz 0 Þ has thin tails (e.g. it is normal or raised-cosine). For the A1FI emission scenario and the period 1990-2100, the 5-to 95-percentile range spans 0.54 m, which is typically five times the scale parameter, l, a range which the Gumbel distribution will generally cover satisfactorily.
However, if Pðz 0 Þ had a fat upper tail, the distributions used here (normal and raised-cosine) would underestimate the allowance by not including the contribution from the tail in the integral in Eq. (3). This problem may be examined in terms of both likelihood, N , and risk. In general, risk may be treated in the same way as likelihood, so that the analogue of Eq. (2) is
and the analogue of Eq. (3) is
where R is the risk and R is some general dimensionless function. If the consequence of each flooding event is a constant, c, then R ¼ cN and R ov ¼ cN ov . In this case, any allowance that preserves the overall likelihood, N ov , also preserves the overall risk, R ov .
There is one situation where fat-tailed Pðz 0 Þ may not significantly influence the overall likelihood, and another where it may not significantly influence the overall risk.
Firstly, N ððmÀz p þ Dzþz 0 ÀaÞ=lÞ may be less than the value given by a Gumbel distribution at large values of ðmÀz p þDz þ z 0 ÀaÞ=l, thereby reducing the effect of a fat upper tail in Pðz 0 Þ on the overall likelihood, N ov (Eq. (3)). A trivial (and extreme) example of this is where the fat upper tail spans the range in which the asset lies between mean sea level and the minimum high water level (e.g. mean high water neaps). Within this range, N is approximately constant at about one or two flooding events per day (for diurnal and semidiurnal tides, respectively); i.e. in this range the flooding likelihood, N does not increase with z 0 , and the contribution of the fat upper tail to the overall likelihood N ov may be small or negligible.
Secondly, even if the overall likelihood, N ov , increases significantly due to a fat upper tail in Pðz 0 Þ, it is quite possible that the consequence of each flooding event decreases under these conditions, so that the overall risk, R ov , is not dominated by the fat tail. A simple example of this is where the consequence is just the cost of rebuilding after each flooding event. When the likelihood (or frequency) of flooding events gets so large that rebuilding becomes impracticable, the risk becomes constant and roughly equivalent to the cost of abandoning the location altogether. In this case, R does not increase with z 0 , and the contribution of the fat upper tail to the overall risk R ov may be small or negligible.
The determination of the total risk resulting from a probability distribution with a poorly known upper tail (in this case, Pðz 0 Þ), combined with a function which may increase exponentially in the direction of the tail (in this case, N or R) is non-trivial, and is the subject of some debate. In a related problem (the economic implications of projections of global temperature), Weitzman . Allowances using spatially varying sea-level rise. Cumulative distribution function for vertical allowances for sea-level rise from 1990 to 2100 for the A1FI emission scenario, estimated from 197 tide-gauge locations, for normal and raised-cosine uncertainty distributions. The allowances are based on a spatially varying rise in mean sea level, and on the statistics of storm tides observed at each location. Also shown is the 90-percentile (5-to 95-percentile) range of the globalaverage rise in mean sea level, from the IPCC AR4. It should be noted that the horizontal scale is quite different from the scale used in Fig. 3. (2009) introduced a 'dismal theorem' which suggested that the effective risk associated with fat tails could become infinite, although subsequent papers (e.g. Nordhaus, 2011; Pindyck, 2011) have argued that the conditions for the validity of the 'dismal theorem' are quite restrictive.
Luckily, there is good reason to believe that the probability distribution of future sea-level rise is bounded. On a millennial scale, if all the ice and snow on land were transferred to the ocean, the rise would be limited to about 64 m (Lemke et al., 2007) , and Pfeffer et al. (2008) has estimated an upper bound for sea-level rise for the 21st century of 2.0 m. Given that the detailed shape of the uncertainty distribution is largely unknown, a precautionary approach in cases where the consequence of flooding would be 'dire' (in the sense that the consequence of flooding would be unbearable, no matter how low the likelihood) is to choose an allowance based on the best estimate of the maximum possible rise (an example being the Netherlands, where coastal flood planning is based on an ARI of 10,000 years Maaskant et al., 2009 ). However, in other cases, where the consequences of unforeseen flooding events (i.e. 'getting the allowance wrong') are manageable, the allowance presented here represents a practical solution to planning for sea-level rise while preserving an acceptable level of likelihood or risk.
Discussion and conclusions
A vertical allowance for sea-level rise has been defined such that any asset raised by this allowance would experience the same frequency of flooding events under sea-level rise as it would without the allowance and without sea-level rise (Hunter, 2012) . Allowances have been evaluated by combining spatially varying projections of sea-level rise with the statistics of observed storm tides at 197 tide-gauge sites. These allowances relate to the A1FI emission scenario, and the periods 1990-2100 and 2010-2100 (the latter being the more appropriate for present-day planning and policy decisions). We use the A1FI emission scenario because this is the one that the world is broadly following at present (Le Qué ré et al., 2009). It must, however, be emphasised that the choice of emission scenario represents a major additional source of uncertainty, the central value of the 1990-2100 projection for the highest SRES scenario (A1FI) being about 60% larger than the projection for the lowest SRES scenario (B1).
Two uncertainty distributions were used (normal and raisedcosine); Figs. 2 and 4, and Appendix B, show the results for a normal distribution which has fatter tails and which yields a slightly higher allowance.
Planning allowances have typically been selected by choosing a specific percentile of a projection of future global-average sealevel rise. Often the 95-percentile upper limit, which is the one provided by the IPCC AR4 (Meehl et al., 2007) , has been chosen. However, as shown in Fig. 3 (for the period 1990-2100), if sealevel rise were globally uniform, an allowance equal to the 95-percentile limit is generally significantly larger than would be required to preserve the frequency of flooding events under sea-level rise; for the period 1990-2100, only 2.6% of the locations considered have allowances greater than the 95-percentile upper limit. The spread of allowances in Fig. 3 is entirely due to spatial variations in the statistics of storm tides (specifically, the Gumbel scale parameter).
When the spatial variation of projected sea-level rise (due to ongoing changes in the Earth's loading and gravitational field, thermal expansion, ocean dynamics and GIA) is included, the distribution of the allowances widens significantly (Fig. 5, for  the period 1990-2100 ). This widening is related to locations (in northern regions of North America and Europe) which experience strongly negative GIA, and others (in the northwest region of North America) which are influenced by present changes in glaciers and icecaps. These processes contribute a significant fall in sea level, leading to negative 'allowances', some of which are less than À 1 m. The spread of allowances covers the entire 90-percentile range of the A1FI projections of global-average sealevel rise, with 9% of the locations having allowances less than the 5-percentile lower limit and 29% of the locations having allowances greater than the 95-percentile upper limit. Fig. 4 shows the global distribution of the allowances for the period 1990-2100. Obvious features are the low and negative allowances in the northern regions of North America and Europe (where the land is rising due to GIA and to present changes in glaciers and icecaps), and higher allowances along the eastern coastline of North America (where the land is sinking, again due to GIA).
Appendix B provides a table of allowances for the periods 1990-2100 and 2010-2100. These may be used as a starting point for the determination of allowances for planning and policy decisions. However, the following caveats should be recognised:
1. The determination of allowances given in this paper is based on the assumption that the Gumbel scale parameter (and hence the variability of the storm tides) will not change in time. This is supported by the fact that present evidence (Bindoff et al., 2007; Lowe et al., 2012; Mené ndez and Woodworth, 2010; Woodworth and Blackman, 2004) suggests that the rise in mean sea level is generally the dominant cause of any observed increase in the frequency of extreme events. In addition, using model projections of storm tides in southeast Australia to 2070 , McInnes et al. (2009 showed that the increase in the frequency of flooding events was dominated by sea-level rise. 2. The allowance includes no contribution due to possible changes in wave setup or runup. 3. The allowance includes no contribution due to the change in tides caused by sea-level rise, which are generally small and confined to quite specific locations in shelf seas (e.g. Pickering et al., 2012) . 4. The allowance depends on the shape of the distribution of the uncertainty of the projections of mean sea-level rise. Two distributions have been considered here: a normal and a raisedcosine distribution. The raised-cosine distribution, which is limited to about 1.7 times the 5-to 95-percentile range (it is zero outside these limits), was included because of the arguments for an upper bound to the rate of sea-level rise (Pfeffer et al., 2008) . For spatially varying sea-level rise, the allowances based on normal and raised-cosine distributions differ by about 0.08 m at most, the normal distribution giving the larger allowance. However, the possibility of the uncertainty distribution having fatter tails than a normal distribution has been considered (Section 6). Unfortunately the IPCC AR4 gives no guidance as to the choice of an appropriate uncertainty distribution, nor any indication of an 'upper bound for sea-level rise ' (IPCC, 2007) , and we have here based our allowances in Figs. 2 and 4, and in Appendix A, on the normal distribution. These allowances represent a practical solution to planning for sea-level rise while preserving an acceptable level of flooding likelihood, in cases where 'getting the allowance wrong' is manageable. However, in cases where the consequence of flooding would be 'dire' (in the sense that the consequence of flooding would be unbearable, no matter how low the likelihood, as in the case of the Netherlands), a precautionary approach is to choose an allowance based on the best estimate of the maximum possible rise. 5. The projections of the IPCC AR4 apparently relate to the spread of model projections (akin to the standard deviation) rather than to the uncertainty (akin to the standard error) of the best estimate of the projections. The metric of uncertainty, s (see Section 2), strictly relates to the standard error. However, for reasons discussed by Hunter (2012) , s is here associated with the standard deviation (rather than the standard error) of the projections.
There are therefore significant unknowns associated with the shape and extent of the uncertainty distribution of the projections of sea-level rise. Improved allowances for sea-level rise require better estimates of future sea level and, just as importantly, of its uncertainty distribution and the behaviour of its upper tail.
Appendix A. The derivation of regionally varying sea-level rise projections Projections of regional relative sea-level rise were derived as in Church et al. (2011) and consist of DPðx,y,tÞ ¼ DSðtÞþDRðtÞþDFðx,y,tÞþDAðx,y,tÞþDDðx,y,tÞ
where DPðx,y,tÞ is the spatially and temporally varying projection of regional relative sea-level rise, x and y are the horizontal spatial coordinates, t is the time, and 1. DSðtÞ is the global-average sea-level rise, based on the bestavailable modelling at the time of the IPCC AR4. This term is consistent with the sixth row (labelled 'Sea level rise') of Table 10 .7 of Meehl et al. (2007) . It is composed of DS I ðtÞ, DS G ðtÞ and DS A ðtÞ are contributions due to melting ice from 'glaciers and ice caps', Greenland and Antarctica, respectively, estimated from surface mass balance; they are consistent with the second, third and fourth rows of Table 10 .7 of Meehl et al. (2007) .
Annual time series of DSðtÞ, and the 5-and 95-percentile uncertainty range, were obtained for emission scenarios B1, B2, A1B, A1T, A2 and A1FI (Gregory, pers. comm.) . DSðtÞ is just the mean of the 5-and 95-percentile range, and we derived the uncertainty half-range, dSðtÞ, from half the difference between the 5-and 95-percentile values.
2. DRðtÞ is a component accounting for poorly quantified 'rapid dynamical changes' to land ice. This term is consistent with the seventh row (labelled 'Scaled-up ice sheet discharge') of Table 10 .7 of Meehl et al. (2007) . It was assumed that one-third of this comes from Greenland and two-thirds from West Antarctica. DRðtÞ was provided (Gregory, pers. comm.) and we derived the uncertainty, dRðtÞ (the 5-to 95-percentile half-range), by assuming a coefficient of variation (the ratio of the standard deviation to the central value) of 0.677 (Gregory, pers. comm.) and converting from the standard deviation to the half-range by multiplying by 1.6448537 (assuming a normal distribution), so dRðtÞ ¼ DRðtÞ Â 0:677 Â 1:6448537 ðA:3Þ 3. DFðx,y,tÞ is a spatially and temporally varying 'fingerprint' term accounting for changes in the loading of the Earth and in the gravitational field, in response to ongoing changes in land ice (Mitrovica et al., 2001 5. DDðx,y,tÞ is a spatially and temporally varying term related to change in ocean density and dynamics (Meehl et al., 2007) . This is expressed as the deviation of regional sea-level rise from the global average, so:
DDðx,y,tÞ ¼ 0
ðA:8Þ
The uncertainty of this term, dDðx,y,tÞ, was estimated from the spread of simulations from different models.
The uncertainties in terms (1)- (3) were added linearly, and the result was added in quadrature to the error in term (5), in order to obtain the uncertainty, dPðx,y,tÞ, in DPðx,y,tÞ: dPðx,y,tÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðdSðtÞþdRðtÞþdFðx,y,tÞÞ 2 þðdDðx,y,tÞÞ 2 q ðA:9Þ
The spatially and temporally varying sea-level rise related to change in ocean density and dynamics, DDðx,y,tÞ, was provided by atmosphere-ocean general circulation models (AOGCMs). While global-average sea-level rise (DSðtÞþDRðtÞ) has been estimated for six emission scenarios (B1, B2, A1B, A1T, A2, A1FI; Meehl et al., 2007) , results from AOGCMs are only available for scenarios B1, A1B and A2. Spatially and temporally varying projections (DPðx,y,tÞ, dPðx,y,tÞ) for B2, A1T and A1FI were here obtained by using the results for (DPðx,y,tÞ, dPðx,y,tÞ) for the nearest adjacent projections for B1, A1B or A2, and scaling using ratios derived from the respective global-average projections (DSðtÞþDRðtÞ, dSðtÞþdRðtÞ).
The present paper discusses A1FI projections derived from spatially varying A2 projections and global-average projections for A1FI and A2. Therefore (omitting the variables x, y and t, for clarity): The summary of locations, 5-to 95-percentile ranges of projections of mean sea-level rise, and allowances, for the periods 1990-2100 and 2010-2100 is given in Table B1 . 
